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Despite increasing interest in situ monitoring of proteolytic activity in chronic wound is not possible and
information can only be obtained by sampling wound exudate. In this context, we developed an evanes-
cent wave (EW) ﬁber-optic sensor to quantify protease activity directly in the wound bed. Detection is
based on the degradation of thin gelatin ﬁlms deposited on the ﬁber core by dip-coating, which serve
as a substrate for proteases. After staining with a chlorophyllin copper sodium salt biocompatible dye,
EW absorption occurs proportionally to the dye concentration, which is detected by the variation in light
transmission intensity. The sensor response varies proportionally to enzymatic activity, showing sensitiv-
ity against MMP-2 and MMP-9 down to 2 lg/mL and 10 lg/mL, respectively. In addition, it is sensitive to
ﬁlm thickness and crosslink density, thus allowing tuning of the sensitivity and lifetime. Designed to be
totally biocompatible and low cost, this miniature sensor has potential for use as a point-of-care dispos-
able device in a clinical environment to assist physicians with quantitative information about the wound
healing process.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Proteases play a crucial role in the control of physiological
processes including wound healing [1], tissue remodeling [2,3] cell
migration [4], and immune response [5]. Disruption of their activ-
ity is implicated in many pathologies and diseases [6–9]. Therefore,
quantiﬁcation of proteolytic activity in biological samples and
tissues is of utmost interest for medical diagnoses and drug devel-
opment [10]. In this perspective, a large variety of detection
schemes have been developed, principally based on ﬂuorescence
[11–13]. Despite their high sensitivity, these assays often require
time-consuming sample preparation and long incubation times.
This reduces efﬁciency and can affect enzyme activity. In addition,
they necessitate sophisticated laboratory equipment. In a different
approach, researchers have focused on the development of single-
use sensors to be available as point-of-care devices. Promising sys-
tems have thus been reported based on the erosion of thin protease
substrate ﬁlms [14–19]. By depositing the ﬁlm on an appropriate
transducer (electrochemical, piezo-electric, optical), the
degradation process can be converted into a quantiﬁable signalin real-time. For example, poly(ester amide) ﬁlms were used for
the detection of chymotrypsin using a combination of quartz
crystal microbalance (QCM) and electrochemical impedance
spectroscopy (EIS) [14], by surface plasmon resonance (SPR) [17],
or scanning photoinduced impedance microscopy (SPIM) [15].
However these systems require extraction of biological samples,
and often involve complex fabrication processes or measurement
setups which preclude their clinical use.
In order to provide rapid assessment of protease activity
directly in biological samples (i.e. in situ), we developed a portable
system based on optical ﬁbers as transducers to monitor the
enzymatic degradation of thin polymer ﬁlms. Detection relies on
evanescent wave (EW) absorption to probe the degradation of a
stained substrate ﬁlm replacing a portion of the ﬁber cladding. This
approach offers several advantages. The existence of the EW only
close to the ﬁber surface allows detection even in highly absorbing
media and in very small volumes. Detection is performed by mea-
suring variation in transmitted light intensity, which can be
achieved using simple optical and optoelectronic components. As
opposed to EIS-based systems which are limited to materials with
good insulating properties [20], this versatile approach is suitable
to any kind of natural or synthetic substrates (provided a refractive
index lower for the ﬁlm than for the core). Due to their small
size and ﬂexibility, ﬁber-optic sensors are furthermore adapted
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ing. In addition, they are immune to external electromagnetic
interferences and safer due to the absence of circulating current
like in electrode-based systems, which encourages their use in
clinical applications [21,22]. Fiber-optic sensors have been
successfully implemented for the detection of analytes such as
pH [23,24], oxygen [25,26], glucose [27,28], and bacteria [29].
However, this is to our knowledge the ﬁrst report on their use to
quantify protease activity.
This study describes the development of an EW ﬁber-optic sen-
sor for the detection of matrix metalloproteinase 2 (MMP-2) and 9
(MMP-9) activities. In the context of pressure and venous leg
ulcers, an elevated and persistent activity of these proteases has
been associated with a loss of extracellular matrix (ECM)
homeostasis and a chronic inﬂammatory state, which result in
the disruption of the wound healing process [8,30–32]. The prote-
ase-sensitive ﬁlm consists in glutaraldehyde (GTA)-crosslinked
cold water ﬁsh gelatin deposited by dip-coating on the core of a
poly(methyl methacrylate) (PMMA) optical ﬁber. Gelatin was cho-
sen due to its recognized biocompatibility, non-immunogenicity
[33], low price, excellent ﬁlm forming properties [34,35], and deg-
radation by most MMPs involved in the ECM remodeling process,
principally MMP-2 and MMP-9 [36]. As such, it has been widely
used to quantify the overall proteolytic activity [37,38,19,39]. The
gelatin ﬁlm was stained with chlorophyllin copper sodium salt to
visualize its degradation by the enzyme using EW absorption of
transmitted light. The system was integrated as a portable auton-
omous device, providing a new point-of-care diagnostic tool to
identify large protease imbalances in the wound bed, which will
complete clinical symptom evaluation and support treatment
decisions.2. Experimental
2.1. Chemicals
Gelatin from cold water ﬁsh skin, glutaraldehyde 50%
photographic grade (GTA), 3-chloro-4-methyl phenol 99% (CMP),
chlorophyllin copper sodium salt (E141), hexamethylenediamine
(HMD), sodium tetraborate decahydrate, sodium bicarbonate,
sodium borohydride, N-Hydroxysuccinimide (NHS), N-(3-Dimeth-
ylaminopropyl)-N0-ethylcarbodiimide chlorohydrate (EDC), zinc
sulfate heptahydrate, isopropanol and phosphate buffered saline
(PBS) were purchased from Sigma–Aldrich (Buchs, Switzerland).
Methanol, ethanol, acetone and nitric acid 65% were purchased
from Merck (Zug, Switzerland). Hellmanex III was purchased from
Hellma GmbH & Co. KG (Müllheim, Germany). Lyophilized human
serum was obtained from Roche Diagnostics (Rotkreuz, Switzer-
land). Native human MMP-2 was purchased from Sino Biological
Inc. (Beijing, China) and recombinant human MMP-9 (catalytic
domain) from Randox diagnostics (Antrim, United Kingdom). All
chemicals were used without further puriﬁcation, and all solutions
were prepared from deionized water.2.2. Preparation of PMMA optical ﬁbers and slides
The cladding of 200 lm diameter PMMA optical ﬁbers
(SuperEska, Industrial Fiber Optics Inc., Tempe, USA) was removed
over 4 cm following a reported procedure [16]. A lint-free lens tis-
sue (Peca Products Inc., Beloit, USA) was saturated with acetone
and slid along the ﬁber for approximately 10 s. Water was then
added to the tissue to result approximately in a 1:1 v/v water/ace-
tone mixture, and the tissue was rubbed along the treated region.
The procedure was repeated 5 times. The uncladded portion was
then cleaned by sonication in a solution of 2% (v/v) Hellmanex IIIin deionized water for 30 min at 40 C, and rinsed profusely with
deionized water. An identical cleaning procedure was used for
PMMA slides. Surface modiﬁcation of PMMA was then performed
by soaking in a solution of 10% (w/w) HMD in 100 mM borate buf-
fer pH 11.5 at room temperature overnight [40]. The surfaces were
washed several times with deionized water and dried by nitrogen
blowing. Derivatization of the aminated surface was achieved by
reaction in a solution of 0.5% (v/v) GTA in deionized water for
20 min, yielding aldehyde-functionalized PMMA surfaces. The sur-
faces were washed twice with deionized water and stored in
deionized water until use. Immediately before dip-coating, they
were dried by nitrogen blowing. Glass slides were employed as
substrates for proﬁlometry and free-aldehyde assays. In this case,
the surfaces were cleaned by sonication in isopropanol for
10 min and rinsed with deionized water. The substrates were made
hydrophilic by immersion in a solution of HNO3 30% for 5 min to
improve surface wetting by the gelatin/GTA mixture and the
adherence of the resulting ﬁlm. The glass slides were then rinsed
in deionized water and dried by nitrogen blowing immediately
before dip-coating.
2.3. Preparation of gelatin layer
Cold water ﬁsh gelatin (1 g) was dissolved in 10 mM PBS pH 7.4
(10 mL) by heating at 60 C for 1 h with stirring. The solution was
cooled down to room temperature, and CMP (10 mg) dissolved in
ethanol (100 lL) was added as an antiseptic. In a typical formula-
tion, GTA (18 lL, 1.0% (w/w) with respect to gelatin content) was
then added drop wise and the solution was stirred in a closed vial
for 3 h. These formulations are referred to as 1.0XL. Formulations
with 0.6% (w/w) (0.6XL), 0.8% (w/w) (0.8XL) and 1.2% (w/w)
(1.2XL) GTA were prepared in a similar way using 10.8, 14.4 and
21.6 lL GTA, respectively. Deposition onto GTA-derivatized sur-
faces was performed at room temperature using a NIMA dip-coater
(DC Mono 160, KSV Nima, Espoo, Finland) at withdrawal speeds in
the range between 50 and 400 mm/min, typically at 200 mm/min.
After deposition, the ﬁlms were dried at room conditions for 4 days
(temperature 21 C ± 2 C, relative humidity (RH) 40–50%),
followed by 7 days at 90% RH inside a closed desiccator using
deionized water saturated with zinc sulfate heptahydrate [41].
Gelatin staining was done using carbodiimide chemistry [42].
Chlorophyllin copper sodium salt (72.42 mg) was dissolved in
methanol (1 mL), and diluted with PBS (49 mL) to a ﬁnal concen-
tration of 2 mM. EDC (47.9 mg, 5 mM) and NHS (11.51 mg,
2 mM) were then added. The solution was stirred for 5 min and
poured onto the gelatin-coated substrates. Reaction was carried
out at room temperature for 3 h with mild shaking. The ﬁlms were
then soaked in PBS for 24 h and treated with an aqueous solution of
sodium borohydride (1 mg/mL), using 4 baths of 15 min each [43].
The coated surfaces were washed in deionized water overnight and
immersed in a 0.1% (w/v) solution of CMP prepared by dissolving
CMP (50 mg) in ethanol (500 lL) and diluting it with deionized
water (49.5 mL). The ﬁlms were stored at room conditions until
use (40–50% RH). The sensing ﬁber preparation process is summa-
rized in Fig. 1.
2.4. Viscosity measurements
The kinematic viscosity of the gelatin solution was measured
using a Ubbelohde viscometer (size II, range 20–100 cSt,
K = 0.996, Fisher Scientiﬁc, Loughborough, United Kingdom). The
gelatin solutions (10% (w/w) in 10 mM PBS pH 7.4) were mixed
with GTA (1.0–1.5% (w/w) based on gelatin weight) and transferred
to the Ubbelohde tube. The ﬂow-through time at room tempera-
ture was recorded and used to determine the kinematic viscosity
of the solution using the tube capillary constant K.
Fig. 1. Fabrication of the ﬁber-optic protease sensor. (1) Fiber preparation:
Uncladding with acetone, functionalization of ﬁber core with HMD and derivati-
zation with GTA. (2) Film deposition: Dip-coating in gelatin-GTA solution, drying,
staining with chlorophyllin and reduction with sodium borohydride.
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Fourier-transformed infrared (FTIR) spectra were acquired
using gelatin ﬁlms deposited on GTA-derivatized PMMA slides on
a Perkin Elmer Spectrum 65 spectrometer (Waltham, USA) in ATR
mode between 4000 and 600 cm1 with a resolution of 4 cm1
and 8 scans per sample. The ﬁlms were prepared from gelatin sols
without GTA or containing 1.2XL deposited at a withdrawal speed
of 400 mm/min and dried under room conditions (21 C, RH 50%)
for 2 weeks.
2.6. Proﬁlometry
Contact-based proﬁlometry (Calotest, CSM Instruments SA,
Peseux, Switzerland) was performed on dry gelatin ﬁlms deposited
on glass slides over a 4 lm-scan line at a speed of 50 lm/s with a
sensor range of 400 lm. The ﬁlms were prepared from 1.0XL for-
mulations deposited at a withdrawal speed ranging from 50 to
200 mm/min and dried under ambient conditions (21 C, RH 50%)
for 1 week.
2.7. Free aldehyde assay
The presence of remaining aldehyde groups in gelatin ﬁlms
assay was performed using a ﬂuorimetric assay (Amplite Blue Fluo-
rescence Aldehyde Quantitation Kit, AAT Bioquest Inc., Sunnyvale,
USA) in a UV-transparent 96-well plate according to the manufac-
turer’s protocol. Brieﬂy, gelatin-coated glass slides immersed in
500 lL assay buffer containing the aldehyde-reactive ﬂuorophore,
and reacted for 15 min at room temperature. 25 lL of 1 M NaOH
were then added, resulting in cleavage of the ﬂuorophore-aldehyde
conjugate and restoration of the ﬂuorescence. The emission inten-
sity was monitored at 450 nm (TECAN Inﬁnite PRO, kexc. 365 nm,
Gain 80) and compared to that of aldehyde standards to determine
the concentration of free aldehydes.
2.8. Prototype
The experimental setup for the optical measurement is depicted
in Fig. 2. A dual wavelength approach was used. A light coupler
enabled switching between a reference infrared LED emitting at870 nm (LED870E, Thorlabs, Newton, USA), and a red LED emitting
at 630 nm (Thorlabs) to measure the decrease in light absorption
when the coating was degraded. Light was collimated using asphe-
ric lenses (Thorlabs, aspheric lense #352170-B, f = 6.16 mm,
NA = 0.3, AR-coating 600–1050 nm) to a dichroic mirror (Thorlabs,
#DMSP805R, 50% transm./reﬂ. at 805 nm), where it was either
reﬂected or transmitted to a third lens which focuses both light
sources on the ﬁber input. Light transmission was measured using
a single photodiode (SFH206K from OSRAM AG, Winterthur,
Switzerland). The coupler was connected to an electronic board
comprising a microcontroller (STM32L151 from STMicroelectron-
ics, Geneva, Switzerland) and a complex programmable logic
device (CPLD) to control the sequence of illumination and detec-
tion. A Java-based user interface was developed in parallel for data
visualization and recording. The device could communicate with
the computer by Bluetooth and allowed streaming of the data in
real time. Alternatively, data could be recorded locally on a Secure
Digital (SD) card. The system was supplied by a Li-Polymer battery
(2000 mA h) which was automatically recharged through the USB
connection. All the components were housed inside a compact por-
table prototype capable of operating several ﬁbers in parallel,
which offers the possibility of multiplexing by combining different
sensing ﬁbers. For each measurement, the system recorded the
background voltage on the photodiode when both light sources
were switched off, and for each illumination wavelength sequen-
tially. The output signal calculation was based on the logarithmic
ratio between transmitted powers at 870 nm and at 630 nm after
background subtraction. For characterization of the sensing ﬁber
absorption spectrum, a broad spectrum HL2000 tungsten halogen
lamp and a portable USB4000 CCD spectrometer from OceanOptics
(Dunedin, USA) were used as light source and detector. Light trans-
mission was measured and the corresponding absorbance was cal-
culated based on light transmission in an uncladded optical ﬁber
immersed in PBS as a reference.2.9. Digestion tests
The sensitive portion of the ﬁber was put in contact with the
enzyme solutions using a small volume ﬂow cell (50 lL, PMMA).
The cell was ﬁlled by pumping solution from a reservoir connected
to the superior inlet tube using a syringe (1.0 mL) connected to the
inferior outlet tube. The cell was ﬁlled with PBS, and heated to
38 C in a hot-water bath using a temperature-controlled heating
plate. Both ﬁber extremities were immobilized inside home-made
screw-type connectors, cut using a fresh razor blade at the
connector surface-level, and directly plugged in at the input/out-
put coupler’s interface in an end-face conﬁguration. The tempera-
ture in the cell was let to equilibrate for at least 2 h before adding
MMP-2 or MMP-9. Concentrated MMPs solutions were stored at
70 C, and unfrozen and diluted with PBS at the desired concen-
tration right before use. Light transmission was monitored at 630
and 870 nm using the setup shown in Fig. 2, and the sensor
response (referred to as ‘‘optical signal’’) was calculated as
described. The slope of the optical signal over the ﬁrst hour of
digestion was determined, and correlated with the enzyme con-
centration to establish the sensor calibration curve.3. Results and discussion
3.1. Preparation and characterization of cold water ﬁsh gelatin ﬁlms
Cold water ﬁsh gelatin solutions were used to coat PMMA sur-
faces in a dip-coating process at room temperature. Compared to
mammalian gelatin, ﬁsh gelatin possesses a lower content of pro-
line and hydroxyproline residues, which decreases its tendency
Fig. 2. Schematic of the ﬁber-optic protease sensor prototype, and its detection principle (inset). A light coupler consisting of a dichroic mirror (1) and microlenses was
designed to focus light from a signal LED emitting at 630 nm (2) and a reference LED emitting at 870 nm (3) into the same ﬁber input and collect it with a photodiode (4).
Connection with the ﬁber was made in an end-face conﬁguration using glue-less connector after cutting the ﬁber at the ferrule’s surface. For testing, the uncladded portion of
the ﬁber with the sensitive coating was immobilized inside a 50 lL ﬂuidic cell and exposed to enzyme solutions. The enzymes digest the gelatin layer, which decreases the
amount of dye in the evanescent wave of the ﬁber. Therefore, the absorbance of the ﬁber and the processed optical signal decrease (c.f. inset). An acquisition card served for
data acquisition and transmission by Bluetooth to a computer for visualization and processing of the optical signal. The whole system was powered by an integrated battery,
resulting in a portable and autonomous device.
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[44]. Fish gelatin solutions are characterized by low gelling (4–
5 C) and melting (12–13 C) temperatures [45], and consequently
behave as a viscous liquid at room temperature. Aqueous solutions
of cold water ﬁsh gelatin were mixed with CMP as an antiseptic to
prevent bacterial contamination [46], and with GTA as a cross-
linker to improve the thermal and mechanical properties of the
deposited ﬁlm [47]. Despite known toxicity, GTA has been exten-
sively used for protein and tissue crosslinking due to its high efﬁ-
ciency and low cost, for example in the preparation of implantable
bioprostheses [48,49]. The addition of GTA increased the gelatin
solution viscosity as a consequence of crosslink formation between
the gelatin chains (Supporting Fig. S1), which occurs by
condensation of the GTA formyl group and e-amino groups present
in gelatin. Prepolymerization was carried out for 3 h before depo-
sition, which allowed reaching a steady viscosity required for
reproducible ﬁlm deposition. Because of the low gelling capacity
of ﬁsh gelatin, the gelatin-GTA mixture remained in a liquid state
suitable for dip-coating with a GTA content up to 1.2XL. Higher
GTA content induced high viscosity and eventually gelation, which
resulted in the deposition of non-uniform ﬁlms.
Deposition was ﬁrst performed on PMMA slides for
characterization of the gelatin layer. Prior to coating the surfaces
were derivatized with aldehyde groups for covalent attachment
of the gelatin ﬁlm, which proved to be necessary for the stability
of the ﬁlms in water. The substrates were dip-coated in gelatinsolutions containing GTA in the range between 0.6 to 1.2XL, and
the resulting homogeneous ﬁlms were then air-dried for 4 days
at room conditions (21 C, RH 40%). The ﬁlm water resistance
was visually evaluated upon storage in PBS at 40 C for 7 days. A
GTA content of 0.6XL was sufﬁcient for ﬁlm water resistance, while
lower crosslinker concentrations (i.e. 60.5% (w/w)) systematically
led to complete ﬁlm detachment and/or solubilization. The ﬁlm
thickness could be tuned by varying the withdrawing speed. Thick-
ness was measured by proﬁlometry on dry 1.0XL coatings. Deposi-
tions at 50, 100, 200 and 400 mm/min, gave thicknesses of 500,
850, 1050 and 1450 nm, respectively (Supporting Fig. S2).
The ﬁlm’s secondary structure was investigated by FTIR. The
presence of triple helices was examined as these structures provide
resistance against proteolysis [50,51], which may reduce the sen-
sor sensitivity. The amide I band (C@O stretch, 1670–1630 cm1),
which is highly sensitive to the gelatin chain conformation, was
centered at 1635 cm1 independently on the gelatin formulation
or the deposition speed (Supporting Fig. S3). This position is similar
to previously reported values for ﬁsh gelatin ﬁlms [52] and charac-
teristic of a random coil conformation of the gelatin chains, which
is consistent with the poor helice formation capacity of this gelatin
type. In comparison, triple helices have been associated with a
strong band at 1660 cm1 resulting in an amide I band shifted
toward a larger wavenumber [53,54]. The gelatin ﬁlms assume
an unordered conformation which will later facilitate their degra-
dation by the enzymes, enhancing the sensor sensitivity.
Fig. 3. Absorption spectra the ﬁber-optic protease sensor. The ﬁber was ﬁrst
immersed in PBS for 1 h at room temperature ( ), then at 38 C for 8 h ( ), and
ﬁnally exposed to a PBS solution of MMP-2 (10 lg/mL) at 38 C for 12 h ( ) and
24 h ( ). After the digestion test, the remaining gelatin coating was mechanically
removed, and the ﬁber was immersed in PBS ( ). The spectra were determined
from light transmission measurements through the sensing ﬁber and comparison
with an uncladded optical ﬁber immersed in PBS as a reference ( ). Absorption
peaks speciﬁc to chlorophyllin were located at 410 nm and 630 nm (vertical arrow).
Fig. 4. Sensor response to a solution of MMP-2 (10 lg/mL) at 38 C in PBS. Light
transmission at 630 nm ( ) matches chlorophyllin absorption peak and is thus
sensitive to changes in dye concentration at the ﬁber surface. Light transmission at
870 nm (. . .) corresponds to a non-absorbing region and serves as a reference. The
optical signal ( ) is calculated as the logarithm of the ratio between light
transmission at 870 nm and 630 nm.
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until staining to prevent them from drying out. The evaporation of
plasticizing water induced high internal stress and ﬁlm brittleness
due to transition to the glassy state. This could lead to ﬁlm fracture
and delamination upon immersion in water [55,56]. The gelatin
ﬁlms were then stained to allow visualizing of the degradation
process with optical absorption. Chlorophyllin copper was selected
as a colorant due to its solubility in water and authorized use in
topical gels for wounds (Panaﬁl) [57]. It is also bioactive: showing
anti-carcinogenic [58], anti-inﬂammatory, and anti-microbial
properties [59]. Carboxylic acid groups on the chlorophyllin copper
molecule were activated with EDC and NHS for reaction with
remaining amino groups on the gelatin, according to conventional
carbodiimide chemistry. The ﬁlms were further soaked in PBS for
24 h to remove reagents and non-attached dyes. After washing
the ﬁlms, the remaining aldehyde groups were reduced to hydroxyl
by treatment with a solution of sodium borohydride to reduce the
material toxicity [43]. Complete elimination of aldehydes was con-
ﬁrmed by a ﬂuorimetric assay (Supporting Fig. S4).3.2. Fiber-optic sensor response
Sensing optical ﬁber were prepared by removing a portion of
the cladding of PMMA ﬁbers and replacing it with a stained gelatin
ﬁlm prepared as described previously on PMMA slides. Unless
otherwise stated all the characterization was done with sensing
ﬁbers prepared by dip-coating at 200 mm/min into 1.0XL gelatin
solutions, because the resulting ﬁlm showed the best water resis-
tance and uniformity at the same time. The gelatin ﬁlm served as
substrate for MMP-2 and MMP-9, two proteases involved in ECM
remodeling and recognized biomarkers of chronic wounds. The
enzyme-catalyzed ﬁlm degradation on the ﬁber surface was mon-
itored using EW absorption. The EW consists of a fraction of the
transmitted light which extends into the lower refractive index
cladding material upon total internal reﬂection inside the ﬁber.
By replacing the cladding with a light-absorbing material such as
the chlorophyllin-doped gelatin ﬁlm, EW absorption occurs at spe-
ciﬁc wavelengths, proportionally to the dye concentration [60]. In
the presence of proteases, ﬁlm degradation induces a decrease in
chlorophyllin concentration on the ﬁber surface, which can be
detected by measuring light transmission variations.The sensing ﬁber EW absorption was characterized using the
setup depicted in Fig. 2, with a halogen lamp for a light source
and a photospectrometer as detector. The ﬁber sensitive portion
was exposed to PBS, then to PBS containing MMP-2, and its light
transmission was compared to that of an uncladded ﬁber
immersed in PBS as a reference. The resulting absorption spectra
are shown in Fig. 3. The absorption spectrum in PBS at room tem-
perature showed the characteristic proﬁle of chlorophyllin, with
two absorption peaks located at 410 and 630 nm [61]. Using a
hot-water bath, the temperature of the ﬂuidic cell was then raised
to 38 C to match the body’s physiological condition. The absorp-
tion remained unchanged after 8 h at this temperature, which indi-
cates that the ﬁlm had already swollen to equilibrium after 1 h, and
it remained stable afterwards. The ﬂuidic cell was then emptied,
and a solution of 10 lg/mL MMP-2 in PBS was injected. The
absorption spectra after 12 and 24 h varied consistently with a
decreased concentration of chlorophyllin on the ﬁber surface,
which conﬁrmed proteolytic ﬁlm degradation. The maximal
variation in absorbance occurred at 630 nm, while it varied only
marginally above 800 nm. Finally, remaining fractions of the gela-
tin coating were mechanically removed by rubbing it with a tissue
saturated with ethanol. After cleaning, the ﬁber absorption spec-
trum in PBS showed two remaining peaks located at 730 and
900 nm, which also appeared in the gelatin-coated ﬁber. These
peaks match the two strong absorption windows of PMMA optical
ﬁbers attributed to C–H stretching overtones. The presence of
these absorption peaks compared to the uncladded (non-modiﬁed)
PMMA ﬁber is likely due to the introduction of CH2 groups on the
ﬁber surface upon modiﬁcation with HMD.
In order to rationalize the sensor design, light transmission var-
iation was monitored at two wavelengths only, using LEDs as light
sources and a PD as detector (Fig. 2). A ﬁrst LED matched the chlo-
rophyllin absorption peak at 630 nm in order to maximize light
variation measurements. A second LED at 870 nm served as a ref-
erence in a non-absorbing region in order to correct for variations
of absolute light transmission related to changes in refractive
index, movement artefacts or ﬂuctuation in LED or PD. The optical
signal was computed as the logarithmic ratio of light transmission
at 630 over 870 nm after noise subtraction. Fig. 4 shows the trans-
mitted light intensities and resulting optical signal recorded using
the ﬁber-optic sensor prototype. The measurement was started
5 min after the ﬂuidic cell was ﬁlled with PBS. During the ﬁrst hour,
light transmission increased for both wavelengths due to diffusion
Fig. 5. Top: 1.0  L sensor response to PBS solutions of MMP-2 at 0 ( ), 2.5 ( ), 5
( ) and 16.6 ( ) lg/mL. Bottom: First derivatives of the optical signals shown
above. For better visualization, the optical signal was set to 1 at the time the
enzyme was added. The sensors were equilibrated for 1 h in PBS before the
measurement was started.
Fig. 6. 1.0  L sensor calibration curve for MMP-2 in PBS. The slope of the optical
signal during the ﬁrst hour of digestion was measured and plotted as a function of
MMP-2 concentration (error bars represent standard deviation for n = 3 sensors).
The data points were ﬁtted using a second order equation.
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A stable signal was reached after approximately 1 h, once the coat-
ing was fully hydrated. The ﬁber was then put in contact with the
enzyme solution. The cell was emptied, and immediately ﬁlled
with a solution of MMP-2 in PBS.
Injection of the enzyme solution and consecutive ﬁlm degrada-
tion led to a rapid response of the sensor. It was characterized by a
strong increase at 630 nm due to the lower chlorophyllin concen-
tration on the ﬁber surface, and a small increase at 870 nm as a
consequence of the decrease in refractive index (RI) when the ﬁlm
was degraded. Signal variation started immediately after putting
the sensor in contact with the enzyme despite coatings thicker
than the penetration depth of the EW. This means that the
enzymes do not degrade the ﬁlm in a surface erosion process as
observed for tightly packed collagen ﬁbrils [50], but are able to dif-
fuse into the ﬁlms as evidenced in the diffusion of thermolysin in
type B gelatin gels [62]. Signal variation is thus the consequence
of gel swelling upon cleavage of peptide bonds by the enzyme
which dilutes the dye, and then slowly leads to ﬁlm dissolution.
The optical signal showed a relatively constant slope during the
ﬁrst hour of exposition to the enzyme, and started to stabilize
afterwards. This trend is caused by the limited stability of MMP-
2 observed under the experimental conditions.3.3. Detection of MMPs
The sensor performances were characterized in response to
MMP-2 and MMP-9 solutions in PBS. Because the sensing principle
is based on the degradation of the gelatin ﬁlm, the sensor is notreusable. Hence, each experiment was performed with a new sens-
ing ﬁber. The sensing ﬁbers were equilibrated in the ﬂuidic cell
with PBS at 38 C for 1 h before starting the measurement. After
1 h of recording, MMP-2 or MMP-9 were introduced in the ﬂuidic
cell by purging it from PBS and immediately reﬁlling it with the
enzyme solution. Fig. 5 (top) shows the response of sensors
exposed to MMP-2 in PBS at different concentrations. A stable sig-
nal was observed in the absence of enzyme, conﬁrming the good
ﬁlm stability. Again, the addition of MMP-2 was immediately fol-
lowed by a decrease in optical signal. Furthermore, higher enzyme
concentrations induced a faster decrease. This is due to the faster
peptide cleavage rate leading to accelerated ﬁlm degradation and
faster decrease in chlorophyllin concentration on the ﬁber surface.
In order to relate the optical signal decrease rate to enzymatic
activity, the signal slope in function of time was calculated for each
sensor. The results are shown in Fig. 5 (bottom). The slopes
remained close to 0 in PBS, but changed rapidly upon the injection
of MMP-2. They reached a minimum value after only 4 min for the
lowest MMP-2 concentration of 2.5 lg/mL, and approximately 7
and 15 min for 5.0 and 16.7 lg/mL MMP-2, respectively. This
induction time is believed to be related to the diffusion and
adsorption of MMP onto the ﬁlm until a steady degradation rate
is reached. After 1.5 h of activity, the slope values were negligible
again, independently on the initial protease concentration. This
conﬁrms that signal stabilization is a consequence of a diminution
in enzyme activity, and is not due to a lower availability of prote-
ase substrate.
Varying the concentration of MMP-2 enabled establishing a cal-
ibration curve for the sensor and evaluating the reproducibility
(Fig. 6). The sensors were stored at room conditions and tested
within a week of preparation. The resulting calibration curve
showed a second order relationship between enzyme concentra-
tion and the slope of the optical signal. A similar relationship
was observed in the thermo-lysine catalyzed degradation of gelatin
gels, which was explained by an atypical diffusion-controlled
mechanism ascribed to enzyme adsorption on the gelatin chains
[62]. At the highest enzyme concentration (16.7 lg/mL MMP-2),
the measured slope was 0.344 ± 0.066 D(optical signal) h1,
which represents a standard deviation of approximately 20%.
Improvement of the sensor reproducibility is currently under
investigation by better controlling the preparation and storage
conditions, as described later.
Despite variations in the intensity of coupled light for each
experimental setup, good reproducibility of the sensor response
Fig. 7. Inﬂuence of ﬁlm parameters (thickness and GTA concentration) on the
sensor response. (a) 1.0  L ﬁlms deposited at 50 (500 nm), 200 (1050 nm) and 400
(1450 nm) mm/min and exposed to MMP-2 (5 lg/mL) in PBS. (b) 0.6  L ﬁlms ( ),
0.8  L ﬁlms ( ), 1.0  L ﬁlms ( ) or 1.2  L ﬁlms ( ) deposited at 200 mm/min
and exposed to MMP-2 (16.6 lg/mL) in PBS.
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setup. This indicates that enzymatic activity can be determined
directly from slope measurements based on the pre-deﬁned cali-
bration curve. The sensor response in the range between 0 and
10 lg/mL MMP-2 was characterized by a sensitivity of 0.023
D(optical signal)  h1  (lg/mL)1 MMP-2. For MMP-9, the sensi-
tivity was 0.0027 D(optical signal)  h1  (lg/mL)1 MMP-9. The
limits of detection (LODs) in PBS were found to be approximately
2 lg/mL (3.2  108 mol/L) for MMP-2 and 10 lg/mL (2.56  107
mol/L) for MMP-9. In comparison, conventional techniques such
as chromogenic or ﬂuorogenic peptide assays and gelatin zymogra-
phy reach much lower detection limits (i.e. typically in the ng/mL
range). Nonetheless, the ﬁber-optic sensor LOD fall within the
range of clinically observed protease levels in wounds, which var-
ies from a mean value of 0.76 lg/mL in acute wounds to 23 lg/mL
(10–250 lg/mL) in chronic wounds [63,64,31]. Hence, this
approach is suitable for quantiﬁcation of protease levels observed
in wounds, while being more amenable to point-of-care testing.
The lower sensitivity to MMP-9 compared to MMP-2 was attrib-
uted to the fact that the recombinant MMP-9 consists in the native
enzyme catalytic domain only. In consequence, it lacks secondary
substrate binding sites (exosites), in particular the three collagen
binding domains (CDB) and the hemopexin C domain which play
important role in gelatin binding and the catalytic process [65,66].
Considering the end-use of the sensor for in situ monitoring,
preliminary detection experiments were conducted in human
serum as a model biological ﬂuid to identify potential interferences
with the device. Indeed, the complex protein-rich environment can
interfere with the sensor due to protein adsorption on the gelatin
surface, hindering cleavage sites for the protease and reducing
the degradation rate. This effect has been observed previously with
adsorption of BSA on hydrophobic polymer substrates, inducing a
decrease in the polymer degradation rate by the proteases [67].
However, protein adsorption is usually minimized in the case of
highly hydrophilic synthetic ﬁlms, for example based on PEO or
polyacrylamide [18], or on naturally occurring molecule such as
gelatin or dextran [16,67,68]. Upon testing in human serum, the
sensor response remained stable over 24 h, and responded satisfy-
ingly to later exposure to MMPs. Our ﬁrst observations indicated
comparable sensitivity in serum as in PBS (data not shown), prob-
ably due to reduced protein adsorption, which makes this sensitive
ﬁlm suited for detection in complex biological ﬂuid.
3.4. Optimizing conditions and tuning the sensor response
The sensor preparation and storage conditions were varied to
study their effect on the sensor response. Fiber-optic sensors with
different gelatin ﬁlm thicknesses were prepared by changing the
dip-coater withdrawal speed. A 1.0XL gelatin solution was depos-
ited on ﬁbers at speeds of 50, 200 and 400 mm/min, which led to
thicknesses of 500, 1050 and 1450 nm on ﬂat surfaces in the dry
state, respectively. The responses of the different sensing ﬁbers
to PBS solutions of MMP-2 (5 lg/mL) are shown in Fig. 7a. A slower
decrease in the optical was observed with thicker ﬁlms. This differ-
ence is linked to the proﬁle of the EW. Because its intensity
decreases exponentially from the ﬁber surface, EW absorption is
more inﬂuenced by changes in chlorophyllin concentration occur-
ring closer to the ﬁber surface, i.e. in the region where its intensity
is high. Despite enzyme diffusion into the ﬁlm, it is highly probable
that gelatin swelling due to enzymatic degradation predominantly
occurs at the ﬁlm surface, rather than uniformly throughout the
entire ﬁlm. Consequently, light transmission is more sensitive to
the degradation of thin ﬁlms (i.e. deposited at 50 mm/min), which
in turn improves the sensor sensitivity.
Films with different crosslink densities were obtained by
changing the concentration of GTA in the gelatin solution usedfor dip-coating. Fig. 7b shows the response of sensors coated with
0.6XL, 0.8XL, 1.0XL and 1.2XL ﬁlms, and exposed to 5 lg/mL MMP-
2 in PBS. Fibers 0.6XL, 0.8XL and 1.2XL were tested simultaneously
using the multiplexing capacity of our prototype, while ﬁber 1.0XL
was tested separately. The general trend showed a faster decrease
in the optical signal with lower crosslinker concentrations, which
is in accordance with the lower stability and hence faster degrada-
tion of poorly crosslinked gelatin. Experimental variations (ﬂuctu-
ations in atmospheric water during storage, variation between
enzyme solutions) are believed to be responsible for the ‘‘overlap’’
between 0.8XL and 1.0XL sensors. 0.6XL showed the highest sensi-
tivity, which is also explained by the thinner ﬁlms obtained during
dip-coating due to the less viscous gelatin solution. On the other
hand, 0.6XL ﬁlms were signiﬁcantly more fragile compared to more
crosslinked ﬁlms, which complicated their handling. Altogether,
these results show the tunability of the sensor sensitivity and
lifetime, which opens up perspective for adapting the sensor
performances to the application requirements.
The last investigated parameter was the inﬂuence of storage
conditions, which is important in view of the sensor shelf stability.
The sensor response was monitored after different storage periods
at 21 C and RH of 40% or 90%. The two conditions imply different
degrees of ﬁlm hydration: storage in the glassy state (40% RH) or in
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because gelatin chains are locked in their state. On the other hand,
the brittle ﬁlm suffers high internal stress, which can cause micro
defects upon plastic deformation, for example upon low-to-high
RH cycles. In addition, it is subject to physical aging. In the rubbery
state, the ﬁlm remains very ﬂexible, but annealing effects may alter
its structure. Sensors tested immediately after preparation (i.e. fol-
lowing the reduction step with sodium borohydride) gave the
highest slope value, indicative of fastest ﬁlm degradation. The
sensitivity was 0.091 D(optical signal) h1 (lg MMP-2/mL)1.
Storage at 40% RH for 48 h (i.e. in the glassy state) decreased the
sensitivity by a factor of 4. However, the sensitivity remained
stable when storage was extended to 7 days. At 90% RH, the sensi-
tivity also decreased after 48 h by a factor of 5.3, reaching a value
of 0.017 D(optical signal) h1 (lg MMP-2/mL)1 comparable to
that of ﬁlms stored a low humidity. However, it continued to
decrease with storage, possibly due to rearrangement of gelatin
chains. Potential rearrangements involve annealing, the formation
of secondary structure (triple helices), or interactions between ﬁlm
components such as chlorophyllin aggregation, which could inﬂu-
ence enzyme diffusion and adsorption, as well as the availability of
cleavage sites. Although longer term experiments will be required,
room temperature and low RH were foreseen as the best condi-
tions to maintain ﬁlm stability, which is highly convenient for
storage.4. Conclusions
In summary, we reported on the use of optical ﬁbers as valuable
transducers to quantify protease activity based on the enzymatic
degradation of thin polymer ﬁlms. Cold water ﬁsh gelatin solutions
mixed with GTA as a crosslinker led to convenient formulations for
ﬁlm preparation by dip-coating at room temperature, resulting in
water resistant ﬁlms, which served as a substrate for MMP-2 and
MMP-9. Staining the ﬁlms with chlorophyllin copper allowed
detection of ﬁlm degradation using the absorption of the EW in
the portion where the gelatin ﬁlm replaced the ﬁber cladding.
The resulting variations in light transmission were measured using
a simple setup based on LEDs and PD as light sources and photode-
tectors and simple signal processing. Signal variation rates propor-
tional to enzyme concentration enabled direct monitoring of the
activity of MMP-2 and -9 down to 2 and 10 lg/mL, respectively,
in approximately 10 min, without the need for sensor calibration
for each experimental setup. The investigation of the inﬂuence of
the preparation conditions on the sensor behavior revealed that
sensitivity was optimal in the case of the thinnest gelatin ﬁlm with
the lowest crosslinker concentration. Furthermore, it demon-
strated that the ﬁlm degradation rate can be slowed down by
increasing the crosslinker concentration in the initial formulation,
which highlights possibilities for tuning the sensitivity and opera-
tional time of the sensor. Finally, the sensor reproducibility
appeared to strongly depend on the storage conditions, with best
results upon storage at a low relative humidity, i.e. in the glassy
state. Thanks to the biocompatibility of the ﬁlm components and
the small size and ﬂexibility of optical ﬁbers, this system is truly
adapted as a point-of-care device for monitoring in biological ﬂuids
directly. In the context of chronic wounds notably, integration in
wound dressings will permit in situ quantiﬁcation of protease
activity that will support assessment of the wound status and of
the potential role of protease-modulating treatments on chronic
wounds outcome.Conﬂict of interest
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